Supporting Information
electrode was a stainless steel, aluminum, copper and platinum disk (geometric area = 3.14×10 -2 cm 2 ), which was polished with a corundum suspension and rinsed with dry acetone before use, and magnesium ribbon as counter and reference electrodes. Electrochemical magnesium plating/stripping cycles were examined with CR2016 experimental coin cells on a land battery measurement system (Wuhan, China). Stainless steel foil (Ф12 mm) was served as the working electrode (substrate). Mg ribbon as the counter electrode. An Entek PE and a fiber membrane as the separator. The cells were assembled in the argon-filled glove box. Magnesium was plated onto the stainless steel substrate for fixed periods of 30 min followed by stripping to a fixed potential limit of 0.8 V vs.
Mg at a constant current density of 0.088 mA cm -2 . There was a 30 second rest between plating and stripping. The magnesium plating and stripping on the substrate were referred to as the discharge and charge process, respectively.
The time of charge divided by the time of discharge was defined as the plating/stripping efficiency.
The S@MC electrode was prepared by casting and pressing an 8:1:1 weight-ratio mixture of S@MC, super-P carbon powder (timcal) and polyvinylidene fluoride (PVDF) binder dissolved in N-methyl-2-pyrrolidinone (NMP) onto copper current collector followed by drying in vacuum at 50 o C. CR2016 coin cells were fabricated with S@MC cathode, Mg anode, Entek PE and fiber membrane separator, and 0.25 mol L -1 MBA+2AlCl 3 /THF or 0.4 mol L -1 (PhMgCl) 2 +AlCl 3 /THF electrolyte. LiCl (Alfa Aesar, ultra dry, 99.9%) with different concentrations was further added in the electrolytes to improve the electrochemical performance of the Mg-S batteries. The discharge-charge tests of the coin cells were carried out on a land battery measurement system (Wuhan, China) with the cutoff voltage of 0.5/1.7 V vs. Mg. The asymmetric unit consists of an ionic pair. The cationic species has a typical structure of dimeric magnesium bridged by three chlorine atoms and each magnesium atom being solvated by three THF molecules. The counter anion is an aluminum atom tetrahedrally coordinated by four chlorine atom. Based on the data of single-crystal XRD, we suppose that the reaction between MBA and AlCl 3 at the 1:2 molar ratio is represented as equation (1) 
→
The aluminate anion can be stabilized by the electron donating effect of (C 3 H 7 ) 2 N ligand, which is also beneficial to the electrochemical stability Figure S3 . The photo of 0.25 mol L -1 BMA+2AlCl 3 solutions with THF, THF+TG (1:1 volume ratio), THF+DME
(1:1 volume ratio) and THF+DOL (1:1 volume ratio) solvents. X-ray diffraction (XRD) patterns in Fig. S5a show that the sharp diffraction peaks of bulk crystalline sulfur disappear entirely after encapsulating sulfur into the micropores of carbon, demonstrating that sulfur exists as a highly dispersed state inside the micropores of carbon. All sulfur content in the S@MC composite is calculated to be 55.8 wt% according to the weight loss (Fig. S5b) . The peaks at 163.9 and 164.9 eV in X-ray photoelectron spectroscopy (XPS) result (Fig. S5c) can be attributed to S2p 3/2 and S 2p 1/2 of the sulfur species containing S-S bond, probably arising from short-chain S x (x< 8). 1 Furthermore, the additional peak at a higher binding energy of 169.2 eV arises from sulfur atoms located at the chain end of small S 2-4 molecules. 2 Scanning electron microscopy (SEM) image demonstrates that S@MC composite is composed of bitty patches with sizes about 1-10 μm (Fig.   S5d ). The filling of the microporous carbon with sulfur is corroborated by the undistinguishable difference of transmission electron microscopy (TEM) images for MC and S@MC ( Fig. S5e and Fig. S5f ), confirming the highly dispersed sulfur inside the narrow micropores. 
